Summary.
In Intercellular bile canaliculi between two or several hepatocytes are common in the mammalian liver (ELIAS, 1949; WOOD, 1961a; ELIAS and SHERRICK, 1969) ; and this has been revealed to be also the case in the liver of birds, reptiles and amphibia (TAKA-HASHI et al., 1957; WATARI, 1959; TANAKA, 1960; KITAGAWA, 1960; UMAHARA, 1963; HAAR and HIGHTOWER, 1976 etc.) . However, this morphological relationship between bile canalicules and hepatocytes is generally missed in the majority of bony fishes, in which intrahepatocytic bile canalicules are usual as indicated by the extensive light microscope studies by ITO, 1 WATANABE and TAKAHASHI (1962) in a vast variety of fishes. Thereabout, DAVID (1961) and YAMAMOTO (1962 YAMAMOTO ( , 1965 electron microscopically revealed the intracellular bile canalicules in the goldfish liver and elucidated their fine structure. This subject then has remained untouched for many years. In the present electron microscope study, the intraparenchymal biliary passages including intrahepatocytic bile canalicules are investigated in the liver of the crucian, a fresh water bony fish species closely related to the goldfish.
MATERIAL AND METHOD
Two groups of the crucian, Carassius carassius (ca. 40-55g) were used: the control group and the vitamin A group, daily given intramuscularly a large dose of vitamin A (Chocola Eizai, 6,000 I.U.) for 6 and 12 days. The livers were fixed by perfusion via the heart with a cold fixative containing 2.5% glutaraldehyde and 0.1M phosphate buffer at pH 7.4. Thereafter, the livers were excised and thin slices were cut into minute blocks under a drop of the fixative for 2hr.
The blocks were rinsed several times in a cold 0.1M phosphate buffer containing 5% sucrose (pH 7.4) and left ing dehydration in graded ethanol, the specimens were embedded in Epon 812 and sectioned with the Porter-Blum Ultra-Microtome MT2-B. Ultrathin sections were stained with saturated uranyl acetate and Sato's lead solution. Electron micrographs were taken with a JEM-100C electron microscope.
OBSERVATION Hepatocyte
In the hepatic parenchyme of the crucian, polygonal hepatocytes are irregularly arranged between scattered sinusoids.
Intercellular spaces between hepatocytes are strikingly variable in width, randomly showing dilations of variable shapes and sizes (Fig. 1) . Between closely apposed plasma membranes of adjacent hepatocytes there occur no attachments such as tight and gap junctions except extremely rare desmosomes. The intercellular spaces open to relatively wide perisinusoidal spaces bounded by an interrupted endothelial lining and containing abundant microvilli protruded from hepatocytes. Intercellular spaces between hepatocytes occasionally contain sparse hepatocytic microvilli.
Thus the entire intercellular space represents as a whole a continuous cavity system opening ultimately to the perisinusoidal space in which there are nowhere detected any closed channels such as intercellular bile canaliculi.
The polygonal hepatocytes of the crucian captured in autumn and winter contain abundant glycogen particles; the major area of the cell body is occupied by densely packed glycogen particles.
Mitochondria and associated cisternae of the rough endoplasmic reticulum (RER) are mainly gathered in the perinuclear cytoplasm which exhibits an electron dense perinuclear area of variable width.
The same dark cytoplasmic patches of variable sizes and shapes are randomly scattered in the glycogen area and along the entire ectoplasmic layer facing the intercellular space (Fig. 1) . The Golgi complex is located in the perinuclear cytoplasm extending in the cytoplasmic layer around the intracellular bile canalicule. Dense, heterogeneous pigment granules of irregular shapes and occasional membrane-bound cytolysomes containing glycogen particles and fragments of cisternae of the RER are distributed in the glycogen area and mainly around the intracellular bile canalicule. No lipid droplets are detectable.
The chief difference of the crucian hepatocyte from that of mammals consists in that in the former the cytoplasmic areas containing cell organelles are clearly separated from the glycogen area which contains no cell organelles other than lipofuscin granules.
Intracellular bile canaliculus
The conspicuous cytological feature of the crucian hepatocyte is that probably each possesses a single intracellular bile canalicule (Fig. 2 ), which appears electron lucent in contrast to the electron dense pericanalicular cytoplasmic layer. The lumen of the canalicules is nearly obstructed with numerous densely packed hepatocytic microvilli with a matrix of low electron density, so that it appears electron lucent.
Upon observation of longitudinal and transverse sections of the intracellular canalicules it has been evidenced that they are fine cylindrical channels with a vaning or curving with their blind ends near the hepatocytic nucleus and cut the cell surface at an almost right angle with their opposite ends opening into the intercellular biliary passage.
As seen in Figures 1-4 , the pericanalicular cytoplasm appears electron dense containing short cisternae of the RER, free polysomes and mitochondria.
The Golgi complexes are limited to the pericanalicular cytoplasm near the nucleus (Fig. 3, 4) . They are composed of stacks of flattened cisternae and vesicles intermingled with coated ones. Golgi cisternae frequently make dilations which contain moderately electron dense particles (Fig. 4) . Small clear vacuoles may also be derived from expanded portions of the cisternae (Fig. 3) . The most conspicuous structures in the pericanalicular cytoplasmic layer are these small clear vacuoles ( Fig. 1-3) , which may discharge their content into the canalicular lumen by an emiocytotic mechanism (Fig. 3) .
The innermost layer of the electron dense pericanalicular cytoplasm facing the canalicular lumen is an ectoplasmic layer devoid of cell organelles which, however, contains abundant microfilaments, oriented mainly circularly and partially longitudinally (Fig 3) . Some of them enter microvilli where they are arranged loosely longitudinally.
Cytological signs suggesting a simple ramification of the intracellular bile canalicule are rarely found (Fig. 2) . Large solitary vacuoles sometimes occur in the cytoplasm of the crucian hepatocyte and they may possibly communicate with an intracellular bile canalicule as shown in Figure 7 . It may be a controversial problem whether these vacuolar structures, as discussed by YAMAMOTO (1965) , represent diverticles of the intracellular bile canalicule. It originates from the perinuclear cytoplasm to extend perpendicularly to the surface of the hepatocyte. Along the entire length it is invested by the pericanalicular cytoplasm (PC), and its proximal part near the nucleus is surrounded by Golgi complexes (G). Expanded portions of Golgi cisternae contain electron dense particles or material. The distal end of the intracellular bile canalicule and the epithelial cell of the intercellular terminal bile ductule (TB) are connected by the junctional complex (arrows). Thus, the bile canalicule empties into the calix-like concavity of the epithelial cell. The epithelial cell of the terminal bile ductule is rich in cytoplasmic filaments (F). Intercellular space (IS) is artifactually infiltrated by glycogen particles. HN hepatocyte nucleus, M mito-
Terminal intraparenchymal bile ductule and its junction with intracellular bile canalicule
From the distal end part of the intracellular bile canalicule which opens on the intercellular surface of the hepatocyte, microvilli of the hepatocyte are bulged to some extent making a pointed bundle to enter a somewhat expanded calix-like cavity bounded by two proximal epithelial cells. This cavity is the beginning of narrow (Fig.  4, 5 ). Both proximal epithelial cells are attached to the hepatocyte by means of hook-like bent junctional complexes composed of a terminal bar and a desmosome (Fig. 4, 5) . The cells may be clearly distinguished by their strikingly different electron density (Fig. 6 ). As seen in longitudinal sections, the thin proximal bile ductule is composed of two elongated squamous or cuboidal epithelial cells. A tortuous narrow lumen, which appears as if interrupted at different intervals, is sandwiched between them (Fig. 7-9 ). Sparse short microvilli are randomly protruded into somewhat expanded portions.
Nuclei of epithelial cells are strikingly rare probably because of the extraordinary elongation of the cells (Fig. 8, 9 ). An occasional simple bifurcation of the terminal bile ductule is observed (Fig. 9) . The observation of a transverse section of the terminal bile ductule may clearly evidence that the epithelium is composed of a single layer of two cuboidal epithelial cells surrounding a narrow lumen and that from their luminal surface sparse relatively short fungiform microvilli are protruded into the lumen (Fig. 10) . Their lateral surfaces are connected with the terminal bar abutting on the luminal surface and with the desmosome. Intercellular interdigitations are scarcely observed.
The above described intracellular bile canalicules attached to the terminal or proximal ends of terminal bile ductules should be designated as "terminal intracellular bile canalicules." They empty into the calix-like cavity bordered by two epithelial cells connected with the hepatocyte.
In contrast, the interhepatocytic terminal bile ductules receive, besides the "terminal intracellular bile canalicule," a number of intracellular bile canalicules on their lateral walls from different hepatocytes on both sides of them as shown in Figure 8 . These bile canalicules should be called "side intracellular bile canalicules."
They may open into a concavity bounded probably by a single homolateral epithelial cell of the terminal bile ductule which is connected by means of a junctional complex with the hepatocyte at the margin of the concavity.
Epithelial cells of the terminal intercellular bile ductule
The most characteristic cytological feature of the epithelial cell of the terminal bile ductule is abundance of microfilaments oriented predominantly in the long axis of the cell, although there occur filaments directed at random directions ( Fig. 5-10 ). Small oval and elongated mitochondria with light matrix and transverse cristae are moderate in number and scattered with their long axis oriented in parallel with that of the cell. A small Golgi complex and a centriole (diplosome) are located in the vicinity of the nucleus (Fig. 11) . A considerable number of flattened cisternae of the RER and free polysomes are randomly scattered. Small dense bodies (lysosomes) occur not infrequently ( Fig. 7-12 ). The terminal intercellular bile ductule is not provided with a basal lamina and the naked epithelial surface directly borders the interhepatocytic space as shown in the figures.
Periductular cell
The interhepatocytic space contains, even in diverticular dilations, no formed elements such as extracellular filaments and fibers, except the so-called "periductal or periductular cells" which frequently occur even closely adjacent to the beginning portion of the terminal bile ductule (Fig. 9-12 ). In the cross section of the ductule, periductular cells circularly cover the ductular epithelium simulating the stratified epithelium (Fig. 10) . Between the periductular cells and the ductular epithelium as well as between periductular cells themselves there are no junctional specializations across a narrow intercellular space.
The periductular cells found in Figures 9 and 10 possess in the electron lucent cytoplasm large mitochondria, relatively well-developed elongated cisternae of RER, free ribosomes, vesicles intermingled with coated ones and occasional microtubules, but scarcely contain microfilaments.
Thus, periductular cells are cytologically distinct from the ductular epithelium.
Two periductular cells are seen in Figure 11 closely abutting on both sides of a longitudinally sectioned terminal bile ductulus. They differ from the above described ones by the electron dense cytoplasm and by the richness in small dense bodies, probably lysosomes, but they agree in other cytoplasmic features with those observed in Figures 9 and 10 . A large elongated irregular-shaped periductular cell depicted in Figure 12 contains a well-developed RER, numerous free polysomes, many mitochondria and a large electron dense lipofuscin-like body characterized by a heterogeneous structure and an irregular configuration, but the most important finding is that it possesses many phagosomelike vacuoles clustered in one end of the electron lucent cytoplasm.
Similar phagosome-like vacuoles containing electron dense material may also be scattering randomly in the hepatocytic cytoplasm (Fig. 12) , and they exclusively occur in the liver from vitamin A administered crucian.
Secondary (medium-sized) ductule and large intraparenchymal bile duct A cross section of a medium-sized bile ductule is seen in Figure 13 . This ductule consists of three cuboidal epithelial cells arranged in a single layer surrounding the irregular-shaped lumen. The closely apposed lateral surfaces of adjacent epithelial cells are connected by a terminal bar abutting on the luminal surfaces which protrude sparse short microvilli into the lumen. A desmosome also occurs between the basal parts of the neighboring epithelial cells. Intercellular interdigitations are seldom A cross section of a large intraparenchymal bile duct has been encountered in Fig. 13 . Cross section of a secondary or middle-sized intercellular bile ductule (SB) with a relatively wide lumen surrounded by three cuboidal epithelial cells, one of which is nucleated (N). Epithelial cells characterized by abundant microfilaments are connected by functional complexes. The epithelium is circularly invested by two nucleated (PN) periductal cells (PD). The basal surface of the epithelium facing the periductal cell is partially provided with a basal lamina (arrow). DB dense body, E sinusoidal endothelium, H hepatocyte, IS intercellular space, PS perisinusoidal space, SN sinusoid. Untreated the present observation, in which the simple cuboidal epithelium consists of five epithelial cells arranged in a single layer surrounding a wide lumen; the cells are connected by terminal bars abutting on the luminal surface which protrudes sparse microvilli. The basal parts of the closely apposed lateral surfaces of the adjacent epithelial cells show well-developed intercellular interdigitations.
Out of the five epithelial cells, three cells reveal a nucleus in the basal cell part. The epithelium is surrounded by a single layer of circularly elongated smooth muscle cells. Between the smooth muscle layer and the epithelium there is an electron lucent connective tissue space, which contains a considerable amount of fine fibrillar material and includes a conspicuous basal lamina closely apposed to the basal surface of the epithelium. Outside of the smooth muscle layer, there occur irregular-shaped cells with an elongated nucleus, and these cells send out slender cytoplasmic processes, circularly surrounding the large intraparenchymal bile duct. These cells with cytoplasmic processes resemble, in cytological features, fibroblasts and correspond probably to the periductular cells around the terminal and medium-sized bile ductule found in the liver parenchyme.
On account of strong pyknotic changes of the epithelium induced by unknown injury, forming a striking contrast to well-preserved smooth muscle cells and periductular cells, the author refrained from publishing the electron micrograph of this large intraparenchymal bile duct in this paper.
DISCUSSION
As commented in the introduction, intracellular or intrahepatocytic bile canalicules are conspicuous and common characteristics of the liver of many species of bony fishes (ITO, WATANABE and TAKAHASHI, 1962) , presenting a contrast to usual interhepatocytic canalicules in higher vertebrate species. Noteworthily, the intrahepatocytic bile canalicules have been demonstrated under the electron microscope only by two authors, DAVID (1961) and YAMAMOTO (1962 YAMAMOTO ( , 1965 . in the goldfish liver. Each hepatocyte of the crucian liver seems to have a single cylindrical intracellular bile canalicule, the lumen of which appears to be nearly obstructed by numerous long microvilli protruded from the hepatocyte as already observed by these authors in the goldfish liver. The intracellular bile canalicule which elongates from the vicinity of the nucleus to the cell surface is thought to be somewhat longer in the crucian than in the goldfish; in both fishes it runs in the center of the Golgi area (DAVID, 1961; YAMAMOTO, 1965) , so that in the pericanalicular cytoplasmic layer there are Golgi complexes located especially close to the perinuclear cytoplasm. DAVID (1961) observed the centriole in the pericanalicular Golgi area, and the present author confirmed the occurrence of this organelle in the cytoplasm bordering the intracellular bile canalicule in the carp liver. The innermost layer of the pericanalicular cytoplasm corresponding to the ectoplasm is characterized, as YAMAMOTO (1962 YAMAMOTO ( , 1965 ) emphasized, by abundance of circular microfilaments which are extended into microvilli. According to DAVID (1961) this ectoplasmic layer would be responsible for filtration and concentration of bile elaborated in the Golgi complex.
In the pericanalicular cytoplasm the present author usually found a number of small vacuoles probably produced in the Golgi complex to be emiocytotically discharged through the ectoplasmic layer into the bile canalicule.
These processes are suggested to occur in the bile secretion in the crucian liver. The pericanalicular vacuoles appear to decrease in number in the vitamin A administered specimens. DAVID (1961) overlooked the interhepatocytic biliary passage connected to the intracellular bile canaliculus and erroneously considered the latter to have an opening into the intercellular spaces, allowing a direct release of bile into them, a view which cannot be accepted today. Thin terminal intraparenchymal or intercellular bile ductules in bony fish livers have been demonstrated already light microscopically by ITO, WATANABE and TAKAHASHI (1962) and electron microscopically for the first time by YAMAMOTO (1965) . He has classified intraparenchymal biliary passages running in interhepatocytic spaces into the terminal bile ductule consisting of a single epithelial (cholangiole) cell, the secondary bile ductule surrounded by two epithelial cells, the middle-sized ones surrounded by three or more cuboidal epithelial cells and the large bile ducts with a typical simple cuboidal epithelium provided with a basal lamina. The epithelial cells of these intraparenchymal biliary passages are characterized, according to him, by abundance of microfilaments and paucity of cell organelles.
At the transitional point between the distal end of the intracellular bile canalicules and the terminal bile ductule a single epithelial cell with a concave groove is attached to the hepatocyte at the margin of the groove by means of the junctional complex consisting of a terminal bar and a desmosome.
This initial groove extends to the narrow lumen of the terminal ductule which is formed by the infolding of the plasma membrane of a single epithelial cell and sealed by a longitudinal attachment of the plasma membrane (YAMAMOTO, 1965) . Such peculiar single-epithelial terminal bile ductules have never been confirmed in the crucian liver, in which the terminal ductule consists of two elongated flat epithelial cells surrounding a narrow tortuous lumen. This finding has been accentuated by an occasional conspicuous difference in the electron density between the two epithelial cells, proximal ends of which are attached by a junctional complex to the hepatocyte surface around the opening of the intracellular bile canaliculus.
The terminal bile ductule may bifurcate. As proposed by YAMAMOTO (1965) , one terminal bile ductule seems to accept two or more bile canalicules along its course. The present author dares to propose that the bile canalicule which opens at its terminal end is called the "terminal bile canalicule," while those opening on its lateral wall are called the "side bile canalicule."
The sequent intraparenchymal bile ductules are the secondary or medium-sized ones and the large bile ducts. The former are surrounded by about three cuboidal epithelial cells arranged in a single layer and the latter are surrounded by five or more cuboidal epithelial cells provided with complex intercellular interdigitations. The lumen of these types of the intercellular biliary passage is more or less wide and contains sparse microvilli.
The terminal bar is observed between adjacent epithelial cells abutting on the luminal surface.
The basal lamina is identified sometimes partially already in the medium-sized bile ductule, but the complete one only in the large duct, in which a smooth muscle layer occurs outside the connective tissue space around the cuboidal epithelium, although this has not been revealed by YAMAMOTO (1965) in the large bile duct of the goldfish. In agreement with his observation, epithelial cells of the crucian intraparenchymal biliary passage are also rich in cytoplasmic microfilaments which are oriented mainly in longitudinal direction, being intermingled with those arranged in random directions.
As mentioned above, the ectoplasmic layer bordering the intra-hepatocytic bile canalicule is also rich in circular microfilaments, which partly enter hepatocytic microvilli. These possibly contractile microfilaments may probably contribute to the transport of bile through intraparenchymal biliary passages by bringing about peristaltic movement as well as by the maintenance of the tonus of biliary passages.
The closely packed microvilli in bile canaliculi may also be contractile and may be responsible for the control of bile flow in bile canalicules.
A similar view has already been given by YAMAMOTO (1965) in his paper on the biliary passage system in the goldfish liver. In the study on the fine structure of bile canalicules in calf liver, however, WOOD (1961a) came to the conclusion that the filamentous meshwork surrounding the canalicules may serve the same stabilizing function as the terminal web of intestinal epithelium.
Recently, the functional significance of the terminal web consisting of microfilaments in the apical ectoplasmic layer of rat hepatocytes surrounding the bile canaliculus has interested a number of authors (ODA et al., 1974; FRENCH and DAVIES, 1975; PHILLIPS et al., 1975; ODA and PHILLIPS, 1977; YAMANAKA et al., 1978) . They have revealed in rat liver that by administration of cytochalasin B known to injure cytoplasmic microfilaments, the reduction of the amount of bile flow has been induced. On the basis of this result they concluded that the lowed tonus of the bile canalicular wall induced by the damage of the terminal web of hepatocytes might cause the dilation of bile canalicules and consequently the reduction of bile flow.
The origin, nature and functional significance of the periductal cell described first by YAMAMOTO (1965) in the study on the goldfish liver have ever since remained unsolved. Periductular cells occur already closely abutting on the epithelium of the terminal bile ductule in the crucian liver. They are irregular-shaped cells rich in well-developed, usually elongated cisternae of RER and free polysomes but almost lacking in cytoplasmic microfilaments in contrast to the ductal epithelial cells, although they occasionally simulate the outer epithelial layer of the bile ductule.
In the middle-sized ductule and large duct, however, a connective tissue space between the epithelium and the periductal cell is found filled with fine fibrillar material, probably the precursor of the collagen fibrils. In a crucian large bile duct provided with a smooth muscle layer outside this space, periductal cells exhibit a fibroblastlike appearance sending out slender cytoplasmic processes which extend as if to surround the duct along the outside of the smooth muscle layer. From the above several morphological properties it seems likely that the periductal cells might represent fibroblasts.
Further, morphological evidence has revealed in the present study that some of periductal cells contain a large number of dense bodies, probably lysosomes, and that many phagosome-like vacuoles occur in the vitamin A administered crucian.
This evidence suggests that the above mentioned periductal cells may possibly be referred to as histiocytes or macrophages.
Thus, it is presumed that the periductal cells include two types of mesenchymal cells, fibroblasts and histiocytoid cells.
On the other hand, it has been established by microscopic studies carried out by a number of authors that the phagocytic Kupffer cells are missing in normal fish livers (TANAKA, 1950; SCHMIDT, 1956 SCHMIDT, , 1959 ITO, WATANABE and TAKAHASHI, 1962) , whereas in carp and eels stimulated by prolonged repeated intravenous administrations of dyes for vital staining there appear, in the hepatic sinusoid, Kupffer cells which have probably originated from histiocytes in various tissues and organs including intrahepatic connective tissue; it has been presumed that histiocytes activated by repeated stimuli would migrate to hepatic sinusoids where they may transform into Kupffer cells (SCHMIDT, 1965 (SCHMIDT, , 1969 . The histiocytoid periductal cells identified in this study on the liver would serve as the possible source of Kupffer cells in the stimulated fish liver. For the solution of questions concerning the nature and function of periductular cells and their relations to the sinusoidal Kupffer cell further experimental morphological studies are required.
At the close of this paper, the following short comment is added. In the liver of the majority of fishes canaliculo-ductular junctions occur usually within the hepatic parenchyme (lobule), while they are commonly located, in mammalian livers, at the boundary between hepatic lobule and interlobular connective tissue where bile canalicules empty themselves into the "duct of Herring" (cholangiole) or "Zwischenstuck," a specialized initial portion of the intrahepatic biliary duct. Thus, in mammals, the extension of the bile ductule into the hepatic parenchyme (lobule) is rare (CLARA, 1930; ELIAS, 1949; WOOD, 1961b; ELIAS and SHERRICK, 1969) . Clara, M.: 
